Illustrations

Effects of an Irregular Ionosphere on L-Band Radar Systems
I. IMTRODUCTION L-band radars, such as the Cobra Dane System, employ a multifrequency technique to correct for the range error due to ionospheric retardation of the radar pulse. It is desirable to know over what physical area and time duration this correction factor can be applied and in particular, the influence of TIDs on the Cobra Dane range correction algorithm. This information will assist the system designer in determining the frequency or number of ionospheric measurements required in support of the Cobra Dane Radar to meet a specified ionospheric error budget.
The correction scheme which has been developed to compensate for ionospheric propagation effects in the Cobra Dane Radar assumes that the ionosphere is essentially spherically stratified. It is required here to evaluate the effects on this error correction scheme of non-uniform horizontal ionospheric gradients predominately due to travelling ionospheric disturbances (TIDs) generated by gravity waves. The error manifests itself as refractive bending of the radiowave and retardation which causes the apparent range of the target to be greater than its true range. The intent of this report is to describe the results of a simulation study of the radio wave errors due to propagation in non-uniform irregular ionosphere of an L-band radar pulse. The group delay, apparent range or radar range is calculated by employing (Received for publication 25 July 197 5)
.._.__.., , In Sections 2 and 3 the mechanism and morphology of TIDs are reviewed so that parameters of a realistic gravity wave model of the neutral atmosphere with coupling to the ionized medium can be postulated. Generation of a model ionosphere is described in Section 4. The ray-tracing results are illustrated and discussed in Section 5.
MECHANISM OF TIDi
Travelling ionospheric disturbances (TIDs) have been observed by a large number of workers using many different techniques since the pioneering work of
Munro.
However, it was not until the theoretical work of Hines and Hooke 2, 3 that the nature of these disturbances was interpreted successfully as wave-like fluctuations of the electron density induced by gravity waves in the neutral atmos-
phere. There are two major classes of TIDs. "large scale" and "medium scale", 4 The large scale waves are generally associated with infrequent magnetic storms, whereas the medium scale waves occur much more frequently. Explanation of long-distance propagation by medium-scale TIDs relies on the predominantly horizontal group velocity of freely propagating internal gravity waves, coupled with their tendency to be controlled by the direction of the earth's gravitational field so as to follow the curvature of the earth.
MORPHOLOGY OK TIU
Elkins has measured the variable component of ionospheric refraction at frequencies in the VHF range. Figure 1 shows the results of a typical day's data.
with the magnetic North-South component of refraction angle, in the horizontal plane, plotted as a function of local time, after filtering. Note the pronounced spectral component with a quasi-period ~ 30 to 40 min, with a maximum near local noon. This is a very distinctive feature of all the data obtained. Figure 2 shows the power spectrum of data similar to those of Figure 1 , averaged over an interval of 14 successive days. The power per octave is plotted as a function of the period of the fluctuation. There is a pronouncedpeakof power in the octave centered at 40-min period. Under the simplifying assumption of horizontal stratification of the ionosphere, the refractive deviation of a ray traversing the entire ionosphere is proportional to the horizontal gradient of the integrated (total) electron content (TEC). A preliminary corr parison of refraction measurements with simultaneous TEC data along the identical ray path has shown that this relationship is often approximately satisfied on a time scale of the order of one hr or less. For longer period fluctuations, thia simple approximation appears not to be valid.
The observed refraction fluctuations, caused by TIDs, have been observed by a number of different techniques, over a period of many years. They are currently thought to be a manifestation, in the ionospheric plasma, of internal gravity waves propagating in the neutral thermospheric gas. The sharp decrease of spectral power at the high-frequency end of the spectrum in Figure 2 is consistent with the theoretically predicted evanescent propagation of gravity waves with period shorter than the K-unt period (~ 14 min in the F region). Simultaneous measurement of TEC variations at each end of the interferometer baseline, has consistently indicated a horizontal trace velocity for the waves of ~ 150 m sec , which is typical of freely propagating gravity waves with period -35 min.
It has been noted previously, for example, (2) that the amplitude of TIDs appears to be an approximately constant percentage, throughout the day, of the TEC. Thus, greater fluctuation amplitudes are observed during the daytime, when the TEC is high, than at night, when the TEC is low. This effect certainly appears to be responsible for at least part of the diurnal variation of fluctuation amplitude observed. However, closer examination of the data shows that the fluctuation amplitude usually reaches its maximum an hour or two earlier than TEC. This is shown, for the month of November 1969, in Figure 4 . The mean refraction amplitude, the mean TEC, and the standard deviation of the TEC variations are shown as functions of local time. It is highly probable that the TEC variability is predominantly due to TIDs, but the TEC itself reaches its maximum about two hrs later than the fluctuations. This discrepancy may be due to a superposition of a true source effect; that is, the amplitude of the source of the TID may reach maximum shortly before noon, whereas the TEC reaches its maximum at about 1400 local time.
IONOSPHERIC MODEL
Before the ray-tracing studies can be performed, a suitable model of the ambient and perturbed ionosphere is required. The ambient ionosphere was chosen to reflect conditions to the North-West of the radar during winter day at sunspot
maximum. An alpha Chapman profile was chosen for the vertical electron density distribution, having a scale height of 50 km with a maximum electron density at 250 km. The critical frequency of this layer was chosen to be 12 MHz with a ver-17 2 ti ;al TEC of 3. 2 X 10 electrons/m illustrative of noon condition as shown in Figure 5 is an example of the plasma frequency profile near the center of the grid. Subsequent ionospheres were generated in four-min intervals as the TID moved relative to the radar with the given velocity and direction. 
RAY TRACING
Within the ionosphere a radar pulse travels more slowly than it does in free space and this causes the apparent range of the target to be greater than its true range. The range error or group delay can be calculated from a knowledge of how the refractive index varies along the propagation path by the use of ray-tracing techniques.
The three-dimensional ray-tracing computer program developed by Jones 8 and modified by Gibbs 9 was used in this study. The geographic coordinates of the ground tranamitter used in the calculations were 37. 55 0 N and 17 4. 05°E, and the operating frequency selected was 1215 MHz. Rays were traced to a fixed point in space governed by the azimuth and elevation angle for that case. The terminal altitude for all cases was 900. 000 km. The target coordinates for the various cases in degrees is shown in Table 1 . Target location was specified to 0. 000005 deg of latitude and longitude in order to locate the target to an accuracy of 0. 5 m in radar range. The required change of the launching azimuth and elevation angle of the radar beam to hit the target area was in the order of several ß rad. Figure 6 is a summary chart of the variation of group delay as a function of elevation angle. Although only data for an azimuth of 319° are shown, the values for the other azimuth angles were similar. To a first order approximation, the group delay is proportional to the TEC as illustrated in the same diagram. For each given azimuth and elevation angle, a ray path was calculated from the radar to the target for each four-min interval of the T1D. Using zero times as a reference, the changes in the apparent range were computed and plotted as delay deviation against time in Figures 7 to 28 . This delay deviation or variable component of group delay in the apparent range is the result of the time varying ionosphere. The 280° azimuth case simulates a radar propagation path nearly parallel to the TID phase fronts; while the 355° case is nearly parallel to the direction of travel of the TID. that is. almost perpendicular to the phase fronts.
The difference between the maximum and minimum of these curves represents the group delay. Thus, if a radar measurement is corrected by using the maximum value on this curve and the target is at the minimum value, the range error due to the TID would be the group delay. Table 2 and Figure 28 are a summary of the ray-tracing data. Although calculations were made from a TID heading due south, the data can be used to predict the group delay for other incoming TIDs since it is the relative angle between the radar propagation path and TID direction that is critical. *Group Delay = Apparent range-true range in meters ■ J(ji -l)ds. **Variable Group Delay = Variable component of ionospheric retardation as TID travels through medium expressed as (maximum apparent rangeminimum apparent range) in meters. time between an L-Band Radar station and a high flying target. In a uniform ionosphere this correction can be applied over a large area. In a non-uniform ionosphere as caused by a TID. this correction is valid over a limited area, Raytracing techniques have been utilized to determine the effects of this irregular ionosphere for several special cases thought to represent a relatively frequently occurring condition. In particular, it was found that at 1215 MHz. the range errors were less than 2.5 m when the TID direction of travel was within ± 40° of the radar propagation path. Outside this azimuth angle, when the elevation angle was greater than 10°, the range error was less than 2. 5 m.
Ionospheric data has been simulated using a realistic TID model together with an ambient Chapman electron density profile which covers the Cobra Dane search area and the range errors due to these irregularities calculated.
